. INTRODUCTION
Composite structures in the form of layers are extremely susceptible to crack initiation and propagation in various failure modes. Analytical models capable of predicting the amount of energy absorbed in a laminated composite plate and its failure mechanism during impactor penetration, are of substantial practical value. While higher energy impact loading causes complete perforation or damage which is detectable on the surface, low energy impact produces extensive subsurface delamination. Much work has been carried out in the past to understand the phenomenon [1] [2] [3] [4] . Attention has been directed towards understanding the cause and failure mechanisms of possible modes of failure due to impact loading, such as, matrix deformation and microcracking, interfacial debonding, lamina splitting, delamination, fibre breakage, and fibre pullout.
Delamination is one of the most prevalent crack growth modes in laminated composites as it causes severe reduction in strength and stiffness. Experimental investigations by Choi and Chang 2 and by Davis 3 showed that there exists a threshold impact energy below which there is no delamination in the laminate. When the energy is just above this level, delamination takes place instantaneously due to the interlaminar shear stress developed due to bending of the plate, and the delamination area increases continuously with the increase in impact energy. However, the subsequent increase in delamination size with the increase in impact energy is relatively slow. A combination of static and dynamic aspects of the energy terms are used by Landkof 4 to study the energy absorbed in the petal formation during penetration of thin plates by cylindro-conical impactors.
To compute the total energy absorbed by a laminated composite plate during petalling, all modes of failure of the structure should be considered. It has been assumed in the previous investigations that the energy absorbed by friction and plate bending can be neglected when compared to the plastic work 4 . Only limited information is available on the frictional behaviour of composite plate and impactor even though it is critical in the perforation process of composites. Present study reveals that frictional energy in laminated composites is significant and can not be neglected.
Gupta and Madhu
5 have studied the perforation and petal formation of plates during normal and oblique impact and found that the failure behaviour changes with the angle of impact. The studies by Corran 6 , et al. and Johnson 7 showed that the critical impact energy depends on projectile nose radius. Wingrove 8 showed that blunt projectiles penetrated the target with least resistance followed by hemispherical and ogive penetrators in that order as long as the target thickness to projectile diameter ratio was less than one. Wilkins 9 found that sharp impactors have lower ballistics limits than blunt impactors when tested on thick metal plates while the opposite was found for thinner targets. Othe 10 , et al. found that critical perforation energy for blunt and hemispherical impactors is higher than that for conical impactors. Experimental results by Zukas 11 indicated that more blunt the nose shape is, the higher is the ballistic limit velocity. Hence, more work is necessary to understand the problem well.
In the present work, the failure mechanisms such as radial crack propagation, petal formation, and delamination process in a normal impact using drop mass setup is discussed. Based on the experimental observations, analysis of laminated composite plates at normal impact is carried out. The analysis considers the petal formation and radial crack propagation process. The bending of the petals during the penetration process is modelled using plastic hinges permitting the evaluation of energy absorbed during this stage. It is observed that no plate dishing occurred in composite laminates as in the case of metallic plates.
. EXPERIMENTAL PROCEDURE
The experiments on the penetration of chopped glass strand matpolyester composite plates were conducted using a free-fall drop-weight fixture, and drop height in these experiments was 4 m, thus giving impact velocity in the range 2 m/s to 8 m/ s. The fully-clamped tested square plates have side length of 310 mm and thickness 3.1 mm. The plates were made of six layers of chopped glass strand mat-350 with general purpose polyester resin available in the market. Photodiode-based digital time counter was used to find the impact velocity.
The impactors were made of mild steel, and their shapes were conical, cylindrical, and their combinations with varying nose diameters. Maximum dia of the impactors was 40 mm and length of conical portion was 50 mm. Nose shapes of conical impactors were 10 mm and 5 mm hemispherical and 10 mm blunt. Length of cylindrical impactor was 100 mm and dia was 40 mm. Schematic diagram of these impactors and the corresponding failure patterns are shown in Fig. 1 . The impactors were attached to the circular discs of mass 20 kg, which were dropped through a pulley arrangement from different heights. Experiments were carried out for each impactor at different velocities. An antirebound mechanism was used to avoid multiple strikes on the specimen. Impactor pull out test was conducted to find the frictional energy.
To find the percentage of elongation and strength of the laminate, sample specimens were prepared according to ASTM D 3039 and subjected to uniaxial tension. Samples were also prepared according to ASTM D 2344 to find the shear strength and subjected to 3 point bending test. Sample specimens of 5 each were tested and their average value is taken for analysis.
ANALYSIS
Various failure modes observed from the experiments are plate bending, delamination of layers, and extension of cracks in the radial direction. It is seen that there is bending of petals at a radius equal to the radius of the impactor after the plate is perforated. Analytical expressions are formulated to find out the energy absorbed in these failure modes. After partial penetration, the moving nose of the impactor tends to enlarge the hole size, and thus, the cracks subsequently propagate outwards under the pressure of the impactor. The hoop stress is thus responsible for further radial extension of cracks.
From the tested plates it is observed that delamination causes the initiation of failure process. When delamination occurs, the debonded area generally is of circular shape with the maximum crack length as radius. Thus, the delamination energy involved in the process is given by the expression
Volume of the delaminated material is pa 2 h 0 and the expression for d
From Eqns (1) and (2), total delamination energy is obtained from the expression where, s y is the maximum hoop stress and e h is the maximum strain corresponding to uniaxial tension as the failure mode of hoop strain is in tension.
During the outward crack propagation, there will be parallel outward motion of cracks in the petals until the cracks are arrested and arrive subsequently at the root of the petal as shown in Fig. 2 .
Substitution of Eqns (6) and (7) in Eqn (5) gives the total plastic bending moment of one petal given by 2 0
After the arrest of crack at the root of the petals, the moving mass and petals still possess kinetic energy and therefore additional rotation of petals takes place about its root by an angle q 2 q 1 , which is sufficient for the free passage of the impactor. Figure 3 shows this mechanism. The angle 1 2 q -q can be calculated from the geometry considering the extension of a petal. In most of the cases, it will be close to 90°. Therefore the plastic rotational energy of one petal is given by 2 0
To obtain the total petal rotational energy, the above expression has to be multiplied with the number of petals.
Frictional energy has been neglected in the previous investigations assuming that it is negligible 15, 16 . But, it is found that this energy cannot be neglected in composite structures as it has significant contribution in the energy dissipation.
To calculate the petal rotational energy, a petal is assumed as a triangular cantilever beam with constant thickness h 0 and length a. The beam behaviour is similar to that of an isotropic material with the plastic hinges at the root. Hence the petal rotational energy is calculated by calculating the maximum bending moment involved in bending of petals. It is expressed as
For a triangular beam with constant thickness 
Total frictional energy is given by the expression,
where p is assumed to be the impactor pullout force obtained from static experiments and l is the length of the impactor. Also the dynamic frictional coefficient is less than the static coefficient and is assumed as 0.8 times the static frictional coefficient, hence Eqn (10) becomes
Equations (3), (4), (9), and (11) provide the total strain energy absorbed by the plate by various failure modes.
RESULTS AND DISCUSSION
Five sets of composite plates were tested under each impactor. The applied energy was varied by varying the drop height. All the specimens tested have a tensile breaking strength of 133.33 N/mm 2 . The fibre volume fraction was 32 per cent. Maximum elongation observed in tension test is 0.57 mm. Short beam bending tests were carried out to find out the shear strength and the value is 55.46 N/mm 2 .The stress strain curve of the laminate when subjected to uniaxial tension test is shown in Fig. 4(a) . Figure 4(b) shows an impactor used along with drop mass and Fig. 4(c) shows the tested specimen along with the impactor after removing from the rig. Quasi-static load is applied to remove the impactor which is considered as the frictional load for analysis.
Various energy values obtained from plates tested with conical impactor of 10 mm dia hemispherical nose are given in Table 1 . It is clear from this table that hoop strain energy is the predominant one since the cracks have extended beyond perforation.
From the tested specimens it is seen that there are 4 cracks in all the tested plates under conical impactor of 10 mm dia hemispherical nose. In plate Nos. 1 and 2, the failure mechanisms are identical even though the energy applied was different and the crack lengths are 80 mm. The general pattern is shown in Fig. 1(a) . Hence, it is clear that When the applied energy was further reduced, i.e., the drop height was reduced to 1.5 m and 1.0 m, there was no crack extension beyond the perforation. In plate no. 5, in which the weight was dropped from the height of 1 m and the impact energy was only 101.5 N-m, the number of petals is reduced to 3 and perforation dia also reduces, i.e., the impactor did not perforate fully. It is also observed that if the impact energy is still less, there will be only delamination over the central zone.
Plate nos. 6 to 10 were tested with conical impactor of 10 mm dia blunt-ended nose. Values of various energy terms obtained from the plates tested with this impactor are given in Table 2 . From this table it is clear that petal rotational energy is more than hoop strain energy. The delamination energy is less when compared to corresponding energy in Table 1 .
Plate no. 6 was tested at a height of 3.5 m with energy of 710 N-m. The failure pattern was compared with plate No. 1 which was tested with an impactor having 10 mm dia hemispherical nose. The maximum crack length in plate no. 6 was 50 mm and in plate no. 1, it was 80 mm. This shows that crack length decreases with increase in contact area. Number of cracks in plate nos. 6, 7, 8, and 9 was 5. Hence, as the contact area of the impactor increases, there is decrease in crack length and number of cracks increases from 4 to 5 ( Fig. 1(b) ). Figures 5(c)-5(d) show the top and bottom surfaces of the plates impacted with blunt nose. As observed in previous case, the perforation size is the size of the impactor. As the drop height is reduced, there is no crack extension beyond the perforation, which is seen in plate nos. 7, 8, 9, and 10. At higher energies, the delamination zone is found to be higher for increase in impact energy beyond a certain limit does not increase the damage zone. In all the tests, the perforation hole size is exactly the size of the impactor. So, complete petal rotation takes place only at a distance equal to the maximum radius of the impactor. This can be seen from Figs 5(a) and 5(b) which show the top and bottom surfaces of the plate. Also, it is observed that the cracks at bottom layers are longer than that of top layers. Table 3 . From this table, it can be seen that hoop strain energy and delamination energy reduced significantly and petal rotational energy increased when compare with Tables 1 and 2 . Frictional energy is almost the same in all the four impactors.
Plate no. 11 was tested with an energy of 710 N-m. Unlike in plates 1 and 6, there is no crack extension beyond the perforation at all energy levels. The general crack pattern is shown in Fig. 1(c) . Perforation followed the same size and geometry of the impactor as seen in other plates. Number of petals in the plate due to 10 mm hemispherical nose is 4 and for 5 mm nose dia, it is 7. As seen earlier, the crack length at the bottommost layer is more than that appeared at the top surface since the bottom layers delaminated more. Figures 5(e)-5(f) show the top and bottom 
surfaces of the tested plates. Unlike in plate Nos 1-10, there is no ring crack mechanisms found in the perforated plates tested with conical impactor of 5 mm nose dia since there is no crack extension beyond the perforation diameter. When the impact energy was reduced, the diameter of penetration also decreased since the impactor did not pass through the laminate fully and the number of petals remained 7. The same was observed in all the plates tested with impactor of 5 mm nose dia. Various energy values obtained from plates tested under cylindrical impactor of 40 mm dia are given in Table 4 . Petal rotational energy is more when compare with the similar previous cases. Delamination energy is more than that in the case of conical impactor of 5 mm hemispherical nose. In all the tested plates, number of petals is 4. The size of the petals is not uniform unlike in other plates. It is observed that the perforation has followed the same geometry of the impactor and there are no extended cracks beyond the perforation even at higher energies. The general crack pattern is shown in Fig. 1(d) . The failure pattern is the same in all the plates tested at different heights. There are always two larger petals and two smaller petals. It is seen that the delamination area at the bottom of the plates tested by 40 mm dia impactor is much higher than that tested by other impactors. Hence, the width at the root and crack length are more for these petals. 
. CONCLUSIONS
A simple method to find the energy absorption in the perforation process of laminated panels by conical impactors has been established. This approach is based on the work done in crack formation, (g) Figure 5 . Plate impacted cylindrical impactor with 40 mm dia hemispherical nose: (g) top surface and (h) bottom surface.
(i) Figure 5 . Plate impacted at lower energy with 10 mm dia hemispherical nose: (i) top surface and (j) bottom surface.
except in the case of plates tested under 5 mm hemispherical-nosed impactor, there is only matrix crack at the top surface and in the bottom surface, one can see that in addition to matrix crack, there is fibre breakage (Figs 5(i) and 5(j)). The ring cracks are only partial since they are not rotated fully and complete fibre breakage has not occurred.
Comparison of total energy absorbed by the plate due to different impactors is shown in Fig. 6 . The variation indicates that when the nose is sharp, energy absorbed is less and if the nose is wide enough to have increased contact area, energy absorption is more.
Frictional energy is calculated using Eqn (11) and is given in Tables 1-4 for different impactors. These values show that this energy cannot be neglected in the impact perforation phenomena. delamination and petal bending. The influence of contact area in energy absorption is also investigated. From experiments, it is found that the damage area can not be increased beyond a certain value of impact energy. The perforation hole size is equal to the maximum diameter of the impactor irrespective of increased crack length and complete rotation of petals takes place at a distance of radius of the impactor from the central point of the impact zone. The length of cracks in the bottom layers is more than that in the top layers.
It is also observed that the crack length and number of petals vary with variation in contact area. Number of cracks is more when impactor nose is almost sharp. When impactor nose is either sharp (5 mm nose dia) or contact area is much high (40 mm dia), there is no extended cracks beyond perforation even at higher energies. At lower energies, blunt-ended impactors cause more delamination than that by a hemispherical impactor, and at higher energies, it is in the reverse order. From the experiments and analysis, it is clearly observed that friction between the impactor and plate has to be considered for the analysis as the frictional energy is not negligible. It is found that there exists many numbers of visible concentric circular partial plastic hinge mechanisms at the top surface of plates. 
